~" Regional cerebral blood flow (rCBF), cerebral metabolic rate of oxygen (CMRO2), intraventricular pressure, and lactate/pH levels in the cerebrospinal fluid (CSF) were measured in 38 patients with ruptured intracranial aneurysms between the 3rd and 13th day after subarachnoid hemorrhage (SAH). Angiography was performed following the rCBF study and the degree of vasospasm was measured on the angiograms. The patients were graded clinically according to the system of Hunt and Hess. Cerebral vasospasm significantly influenced rCBF: global reductions and focal changes (ischemia, hyperemia, and tissue peaks) were commonly associated with vasospasm. Patients with severe diffuse spasm always had global ischemia (21 _+ 5 ml/100 gm/min), and cerebral infarctions were demonstrated subsequently, The CMRO2 was more reduced than rCBF, indicating an uncoupling between flow and metabolism. This relative luxury perfusion was associated with CSF lactic acidosis and intracranial hypertension. The arteriovenous difference of oxygen was equally reduced in all categories of patients, probably due to the primary insult of SAH. The CMRO2 decreased concomitantly with arterial caliber, indicating a secondary impairment of cerebral metabolism due to vasospasm.
C
EREBRAL arterial spasm following rupture of an intracranial saccular aneurysm reaches its maximum intensity by the end of the 1 st week after the initial hemorrhage. 38 In about two-thirds of patients with such delayed vasospasm, neurological deficits develop concomitantly) ~ This relationship between vasospasm and cerebral ischemia following subarachnoid hemorrhage (SAH) has further been supported by reports of a high incidence of severe spasm in cases with cerebral infarctions demonstrated at autopsy. TM These clinical facts suggest a deleterious effect of vasospasm on cerebral blood flow (CBF).
The earliest studies of cerebral hemodynamics in patients with acute SAH employed the nitrous oxide method 17 or a variation of the intracarotid xenon-133 (133Xe) method ~4 of measuring hemispheric CBF. Both studies demonstrated a reduction in CBF correlating with impairment of consciousness and with the angiographic appearance of vasospasm. Since then, several studies of the changes in regional CBF (rCBF) following aneurysmal hemorrhage have been published. 7-1~176 Opinions regarding the significance of vasospasm are inconsistent, and the concurrent measurement of other factors presumably of equal pathophysiological importance, such as the intracranial pressure and the cerebral metabolism, has been performed in only a few studies. 9"~a ' 16 In the present study we measured the rCBF, the intraventricular pressure (IVP), the cerebral metabolic rate of oxygen (CMROz), and concentration of lactate and pH in the cerebrospinal fluid (CSF) in patients with recent rupture of an intracranial aneurysm. Our purpose was to investigate the possible effects of cerebral arterial spasm on these physiological parameters, and their relationship to the clinical condition of the patients.
Clinical Material and Methods
The patient population studied was a non-consecutive series of 38 patients with recent rupture of an intracranial saccular aneurysm admitted acutely to the neurosurgical department in Aarhus. The patients ranged in age between 27 and 65 years (Table 1 ). There were 22 women (58%) and 16 men (42%). The diagnosis of SAH was confirmed on admission by lumbar puncture or, in the last half of the series, by computer- Hunt and Hess. t2 ized tomography (CT) scanning. The presence of an aneurysm was verified by angiography.
The clinical state of the patients was evaluated daily and the patients were categorized into three groups according to the grading system of Hunt and Hess: 12 Grade II comprised 13 patients who were alert with headache and neck stiffness but without neurological deficit apart from cranial nerve palsy. Grade III included 14 patients who presented with somnolence or confusion and/or mild focal deficit. Grade IV comprised 11 patients who were severely somnolent or stuporous and/or had severe neurological deficit. Asymptomatic patients (Grade I) and comatose patients (Grade V) were excluded. Patients with intracranial hematomas were also excluded.
All patients in this series were in the intensive care unit under continuous observation including hourly measurement of blood pressure, pulse, respiratory rate, rectal temperature, and pupillary reactions. 36 In four Grade IV patients (Cases 18, 21, 45, and 54), clinical deterioration and increasing IVP necessitated controlled ventilation at moderate hypocapnia (about 30 mm Hg).
Surgical repair of the ruptured aneurysm was performed in 25 patients (12 Grade II patients, 11 Grade III patients, and two Grade IV patients) within 3 weeks of the initial SAH. Follow-up examination, including neurological examination and CT scanning, was performed in all 21 surviving patients 12 to 24 months later: 14 had recovered and seven were incapacitated. In association with autopsy, a neuropathological examination of the brain was performed in 15 of the 17 patients who died; the relatives of two patients (Cases 9 and 21) opposed postmortem examination.
Regional Cerebral Blood Flow Measurement
In all patients, rCBF was measured with the 133Xe intra-arterial injection method of Lassen and Ingvar. 2~ Whenever possible, informed consent was obtained from the patient or a member of the patient's family prior to the study. Studies of CBF were only performed in connection with the clinical angiography procedure or if clinical deterioration and suspicion of vasospasm indicated angiography. The study was carried out between Days 3 and 13 (mean Day 7) after SAH. The rCBF measurement was done in a quiet room, the patient relaxing with closed eyes. In the case of restlessness and confusion, diazepam or mepiridine was administered intravenously. A total of four rCBF runs were performed in each patient: an initial resting study followed by an autoregulation test, then a control resting study before the final hyperventilation test study. The results of the vasomotor reactivity studies will be published separately.
A detailed description of the methodology and calculations used in our laboratory has been published earlier. 4 Briefly, 1 to 2 mCi of 133Xe dissolved in isotonic saline was injected as a bolus into the relevant internal carotid artery through a thin heparinized polyethylene catheter. The clearance of the isotope from the brain was recorded by 16 external NaJ scintillation detectors positioned over the lateral aspect of the ipsilateral hemisphere. An interval of 15 minutes was allowed between each rCBF run to minimize the 133Xe residual activity. 5
In patients with SAH, who often suffer from restlessness and headache or confusion, a short period of CBF measurement is preferable. We used the initial-slope index method for calculations of rCBF from the first minute of the logarithmic clearance curves. 5 Reproducibility analysis of this method has shown a coefficient of variation of 11%. The normal value of initial rCBF (rCBFinit) is approximately 60 ml/100 gm/minfl 7 A change in rCBF of more than 20% of mean rCBF was considered abnormal, and regions were described as abnormal only if changes were demonstrated in two or more adjacent channels. The PaCO2 was determined immediately before each rCBF run and was found to be almost identical in the three clinical groups ( Table  2) . As focal abnormalities and intracranial hypertension were present in many of our patients, corrections of rCBF according to the "4% change in flow per mm Hg of PaCO2" rule were not performed. 27
Measurement of Cerebral Metabolism
Under local anesthesia, a heparinized polyethylene catheter was inserted into the internal jugular vein and advanced to the base of the skull. This was done preferably on the same side as the carotid catheter, but in a few cases it was necessary to use the opposite jugular vein. Blood withdrawn from one jugular vein suppos- 
Pressure Measurements
Simultaneous measurement of IVP through an indwelling ventricular catheter 24 and blood pressure through the carotid catheter was performed continuously throughout the study, using strain gauge transducers and a two-channel strip chart recorder. Both pressures were expressed as mean pressures (diastolic pressure + 89 pulse pressure), and the cerebral perfusion pressure (CPP) was calculated (CPP = MABP -IVP), where MABP = mean arterial blood pressure. After the rCBF study for the concurrent determination of CSF lactate and pH, 2 ml of CSF was withdrawn from the ventricular catheter. The normal content of lactate in CSF is between 0.8 and 2.2 mmol/liter. 35
Neuroradiological Procedures
Angiography was carried out through the carotid catheter within 30 minutes of the last series of rCBF measurements. The degree of vasospasm was measured on the angiograms 34 and defined as follows: a reduction in arterial caliber exceeding 50% was considered severe vasospasm, a reduction between 25% and 50% slight vasospasm, while a reduction of less than 25% was called no vasospasm. Severe spasm demonstrated in only one major artery was classified as focal, in two or more as diffuse (Table 1) .
Statistical Methods
For comparison of mean values among the patient groups we used a one-way analysis of variance. In the case of a statistically significant difference (p < 0.05) comparison between two groups was performed using a modified t-test? 7
Results

Changes in Relation to Clinical Grade
The relationships between clinical grade and our main results are shown in Table 2 . The PaCO2 varied between 26 and 44 mm Hg and was in most cases approximately 35 mm Hg; that is, slight hyperventilation. Mean rCBF in Grade II and III patients was only slightly reduced, apart from moderate reductions found in two Grade III patients (Cases 19 and 29) who had severe diffuse and severe focal spasm. In Grade IV patients, mean rCBF was below 30 ml/100 gm/min in all but two patients (Cases 56 and 59) who were the only patients in this group without severe diffuse spasm. Both AVDOz and CMRO2 were surprisingly low in all patients. Even alert patients without neurological deficit always had a redllced CMRO2 (normal value 3.5 ml/ 100 gm/min19). The CMRO2 decreased concomitantly with the level of consciousness, and reductions of 70% or more were seen in all the stuporous patients but one (Case 59); that patient exhibited only slight spasm.
Changes in Relation to Cerebral Vasospasm
In Table 3 the results of measurements of MABP and IVP are shown. The CPP was rather constant and within a normal range in all groups except for one patient (Case 53) who had only slightly elevated IVP but a relatively low MABP resulting in a CPP of 45 mm Hg. Apparently, the significant increase in IVP in patients (Table 4) . These 1 1 patients were all in satisfactory clinical condition, and their CBF was only slightly reduced. In one patient (Case 3), focal parietal hyperemia and basotemporal ischemia were seen. She had a slightly elevated lactate level (2.38 mmol/liter) and a normal IVP. She died from a recurrent hemorrhage the night before operation was scheduled. The CMRO2 was reduced between 30% and 50% in all cases measured. The outcome was generally good, as 80% recovered. Typical findings in a patient without vasospasm are shown in Fig. 1 .
Patients with Slight Vasospasm. Twelve patients had slight vasospasm, and six of them were in clinical Grades III and IV (Table 5) . Mean CBF values in the group as a whole ranged between 33 and 53 ml/100 gm/min, similar to those found in patients without vasospasm. However, focal changes in the territory of the spastic arteries were more common. Hyperemia was seen in three cases and ischemia in one case. In most patients, CMRO2 was considerably reduced, being below 2.00 ml/100 gm/min in the majority. The poor outcome of this group was primarily caused by a high incidence of rebleeds and postoperative complications. Only three patients recovered. In one patient (Case 52), a cerebral infarction was visualized on a CT scan at follow-up examination. As shown in Fig. 2 , this patient had a high IVP and CSF lactic acidosis. The AVDO2 was very low (2.58 ml%) and rCBF relatively high, indicating an uncoupling between flow and oxygen metabolism.
Patients with Severe Focal Vasospasm. Five patients had severe focal vasospasm characterized clinically by neurological deficit (Table 6 ). Severe reduction in mean rCBF or focal hyperemia/ischemia was demonstrated. Infarctions corresponding to neurological deficit were found in four patients on follow-up CT scans. Computerized tomography scan at the 1-year follow-up examination disclosed slight dilation of the left lateral ventricle but no infarct. The patient had resumed his work as a bricklayer.
Patients with Severe Diffuse Vasospasm. Ten patients had severe diffuse vasospasm (Table 7) , and all except one were in Grade IV. In the majority CBF was approximately 20 ml/100 g m / m i n , with focal ischemia, hyperemia, a n d / o r tissue peaks. Seven patients died from intracranial hypertension, and two survived but were severely incapacitated. Typical findings in a patient with severe spasm are shown in Fig. 3 . One patient of this group (Case I9) had a somewhat different course from the others. Her clinical condition improved gradually from Grade III to Grade II, and she underwent surgery. Postoperative angiograms showed only slight spasm compared to the spasm seen angiographically after CBF measurement. At follow-up examination 2 years later, she reported that she was able to work. A CT scan disclosed two small frontal infarctions. The striking difference between CBF values in this group and the other three is depicted in Fig. 4 . The CMRO2 was also severely reduced in this group of patients, in most cases below 1.00 ml/100 gin/rain. It is remarkable that three of these patients survived. Cerebral infarction almost inevitably followed severe she was s o m n o l e n t with slight pupillary difference (Grade III). M e a n regional cerebral blood flow (rCBF, ml/100 g m / m i n ) was normal without focal changes. Note the severely increased intraventricular pressure (IVP, m m Hg) and lactic acidosis in the cerebrospinal fluid (CSF, mmol/liter). The cerebral metabolic rate o f oxygen (CMRO2, ml/100 gin/rain) was severely reduced. M A B P = m e a n arterial blood pressure (ram Hg). Center:
Repeat angiography now disclosed slight diffuse vasospasm. An operation was not performed. Right: On 2-year follow-up review, the patient was incapacitated due to intellectual impairment. The computerized tomography scan showed bilateral small infarcts in the frontal lobes. diffuse vasospasm (seven of nine patients examined). Two patients (Cases 18 and 54) died within the 1st week of SAH, and autopsy only revealed severe edema of the brain.
Other Correlations
The correlation between the relatively moderate reductions in CBF and the pronounced reductions in CMRO2 is shown in Fig. 5 for the entire series. Even though the results are scattered around the regression line, a clear tendency is seen: the normal coupling between CBF and CMRO2 is impaired, the slope of the regression line being less than expected.
The AVDO2 in normal man is 7.0 ml%. ~9 In the present study practically all patients had a reduced AVDO2, but this reduction did not appear to be correlated to the degree of spasm as was the case with CMRO2. This relationship is shown in Fig. 6 . The AVDO2 values were roughly within the same range in the four spasm groups, and the mean values did not differ from each other with statistical significance (p > 0.05), whereas the CMRO2 values did decrease significantly (p < 0.01). 
Discussion
Methodological Considerations
With the intra-arterial ~33Xe method for measuring rCBF, a simple and reliable recording of the clearance curves can be made. 2' Even if the resolution of the 16-channel equipment is relatively poor, both ischemic and hyperemic areas have been demonstrated in patients with apoplexy. 29 The rCBFinit method which primarily measures flow in cortical gray matter, is particularly suitable for the determination of interregional differences in flow and flow changes within a single patient. 27 The usefulness of this method in studying cerebrovascular disorders is limited by the fact that isotope does not reach non-perfused brain regions. Consequently, the two-dimensional isotope technique using stationary detectors cannot be considered quantitative in the study of focal ischemia due to Compton scatter and the look-through phenomenon. For the quantitative demonstration of ischemic lesions, however, the method is fully reliable. 28
Clinical and Angiographic Correlations of rCBF
Earlier determinations of CBF have shown a general depression of flow in patients with SAH. ~5 Several studies have confirmed this finding and have demonstrated a correlation between rCBF values and neurological status and impairment of consciousness. 7'9'~3't4'25,4~ Our results are in accordance with previous comparable reports 9J3 The mean rCBF values of Grade II and III patients were normal or slightly decreased. Thus, slight impairment of consciousness and minor neurological deficit were observed in patients without cerebral ischemia, suggesting that factors other than rCBF may be of clinical importance. A raised IVP was demonstrated in most Grade Ill patients. Focally and in deeper parts of the brain, this intracranial hypertension may contribute to a reduction in rCBF that is not detectable by the present method. In Grade IV patients, however, severe reductions in rCBF were found, in the majority levels were below 20 ml/100 gm/min. The presence of severe vasospasm in 10 of these 11 patients suggests that cerebral arterial spasm was the critical factor responsible for this significant difference.
Opinions regarding the relationship between vasospasm and rCBF are inconsistent. Most authors have found that patients with vasospasm, and in particular with severe spasm, have a significant reduction in rCBF compared to patients without vasospasm 7, 9, 10, 13, 33 Other investigators did not find this correlation, 2,4~ or stated that other factors, such as cerebral edema or hydrocephalus, were more important for the development of cerebral ischemia. 25 Comparison among human studies is difficult and sometimes impossible due to lack of uniformity in defining the degree of cerebral vasospasm, and the differences in the time of examination in relation to SAH. This last factor must be important, as cerebral vasospasm is known to reach its maximum on about the 6th or 8th day after the hemorrhage. 38 Focal decrease in rCBF correlating with focal neurological deficit 9 and corresponding to the region supplied by the involved artery ~~ has been reported in patients with severe spasm. Ishii, ~3 defining vasospasm as we do, only found a correlation between the type of vasospasm and rCBF in patients with severe spasm. We observed that a reduction in arterial caliber of between 25% and 50% did not reduce mean rCBF significantly in patients of various clinical grades. In contradistinc-tion to this, reductions in arterial caliber of more than 50% were always associated with rCBF reductions below 30 ml/100 gm/min. In patients with severe focal spasm, somewhat higher rCBF values were measured, probably due to Compton scatter from flow in better perfused brain areas neighboring and underlying the area of interest. Thus, our results confirm experimental data that a reduction in arterial caliber of at least 50% is necessary to produce a critical fall in CBF. 3~ Focal disturbances of flow were frequently seen in patients with both slight and severe spasm as opposed to patients without spasm. Focal ischemia or hyperemia was found in the territory of the spastic arteries or bordering ischemic areas. Hyperemia has been described in aneurysmal SAH before, 8'1~ and possibly represents areas of focal vasomotor paralysis with impaired autoregulation. 1~ As a third focal finding in our patients with severe spasm, we identified tissue peaks which probably represented rapid blood flow in severely damaged brain tissue. 4 As CSF lactic acidosis was a prominent feature in our patients with severe spasm, it is conceivable that tissue ischemia caused an anaerobic shift of metabolism with production of lactic acid, leading to focal vasoparalysis and luxury perfusion. 2~
In the present study, patients with severe angiographic spasm almost inevitably developed cerebral infarctions in the territory of the spastic arteries as demonstrated later on follow-up CT scanning or at autopsy. Even if CT scans performed in conjunction with the CBF study did not demonstrate hypodense areas, our results indicate that the severe arterial constriction resulted in ischemia and subsequently in the development of infarction. Regional CBF values in ischemic areas ranged between 9 and 21 ml/100 gm/min, which is in accordance with the findings of Lenzi, et al. z3 Those authors, using positron emission tomography, found an absolute decrease of rCBF below 20 ml/100 gm/min in the core of cerebral hemispheric infarcts in stroke. It has been proposed that if brain tissue surrounding an acute infarcted area has a flow ranging between 10 and 15 ml/100 gm/min, it may still be viable-the socalled "ischemia penumbra." The fact that infarctions were seen in only a limited area of the most severely affected hemisphere, usually in the middle cerebral artery territory, may indicate that adjacent brain tissue survived in spite of such low perfusion. However, factors like duration of vasospasm, collateral perfusion of the threatened area, and regional differences in the severity of vasospasm are probably also of importance for the development of infarction in an ischemic area.
Cerebral Metabolism
Under physiological conditions, the metabolic activity of the brain controls CBF effectively. At a normal CBF of 50 ml/100 gm/min, the brain consumes oxygen at a rate of 3.5 ml/100 gm/min. 19 This coupling of CBF to metabolism may be impaired in acute cerebral disease. The concurrent measurement of CBF and CMRO2 has only been performed in a few clinical studies of SAH. 9'16 Grubb, et a/., 9 found marked reductions in both rCBF and CMRO2 in Grade III and IV patients with vasospasm. Our results show that within the first 2 weeks of SAH, CMRO2 is more severely reduced than CBF, indicating an uncoupling of cerebral perfusion from metabolism. This relative hyperemia or luxury perfusion was observed mainly in Grade II and III patients, while the cerebral perfusion in Grade IV patients (probably due to the severe diffuse vasospasm) was significantly less and thus more in accordance with the decreased metabolic demands of the brain.
The question of whether cerebral arterial spasm is the primary cause of the depression of rCBF and CMROz in SAH has been discussed earlier by Langfitt, 18 who suggested that the reduced CBF may be secondary to a low oxygen uptake caused by the insult from SAH. The varying degrees of disturbance of consciousness observed in our patients, implying reduced cerebral metabolic needs, do not sufficiently explain the CMRO2 reductions found in alert patients or the severe reductions below 1.00 ml/100 gm/min found in stuporous patients. In the present study, no patient was comatose.
In order to maintain a normal CMRO2, a continuous decrease in CBF will under normal circumstances be balanced by a rise in AVDO2. This compensation is possible down to a flow reduction of about 20 ml/100 gm/min, when AVDO2 approximates the arterial oxygen content. In our patients, however, this mechanism was apparently impaired. As seen in Fig. 6 , AVDO2 was moderately reduced in almost all patients irrespective of degree of vasospasm. In contradistinction to this, CMRO2 values decreased concomitantly with increasing reduction in arterial caliber. This suggests that SAH has two different consequences. The first is an immediate generalized effect of the hemorrhage itself on the brain metabolism, as reflected in the reduction in CMRO2 found even in alert patients without neurological deficit or vasospasm. This suggestion is supported by experimental studies that show a suppression of the oxidative metabolic rates and an uncoupling of CBF from cerebral metabolism in the first hours after SAH. 6 The second consequence of SAH is a further reduction in CMRO2 induced by the delayed reduction in CBF due to vasospasm. This secondary effect seems to be dependent on the degree of arterial constriction.
Conclusions
Several factors may contribute to the primary impairment of cerebral metabolism found in this study. It is attractive to hypothesize that the generalized effect of blood in the subarachnoid space touching the brain surface, coupled with a short-lasting ischemic effect due to the severe rise in intracranial pressure during rupture of the aneurysm, results in a depression of oxidative metabolism as reflected in the decreased AVDO2 values. The development of vasospasm leads to a further decrease in CMRO2. If this vasoconstriction exceeds ap-proximately 50%, CBF falls critically below 20 ml/100 gm/min and cerebral infarction may occur. Beyond the severely constricted arteries, the intraparenchymal arterioles are probably dilated resulting in a massive increase in cerebral blood volume. 9 Our finding of CSF lactic acidosis, relative hyperemia, and frequent instances of luxury perfusion support this concept. In such brain areas of already stressed homeostasis, even minor decreases in perfusion pressure may be critical. Thus, our finding of perfusion pressures still within the autoregulatory range does not exclude the possibility that elevated IVP seen with vasospasm may have a deleterious effect on the rCBF and the focal tissue metabolism.
The close correlation on the one hand between clinical findings and angiographic vasospasm and on the other hand between the profound pathophysiological effects of severe vasospasm and the subsequent findings of cerebral infarctions in the territory of the spastic arteries observed in the present study strongly emphasizes the prognostic significance of cerebral vasospasm in the early phase of SAH. Thus, measurement of rCBF in the preoperative phase, in particular in patients with slight vasospasm and in clinical Grade III, may be helpful in selecting the timing of surgery. The present invasive method is unacceptable in clinical work for monitoring rCBF, the more so as noninvasive methods have been recently developed. Serial inhalation rCBF studies have been found useful by some authors. 39 Positron emission tomography allows the simultaneous measurement of rCBF and regional metabolism. 9,23 Finally, an atraumatic tomographic three-dimensional rCBF method has shown that focal cerebral ischemia correlates with angiographic vasospasm. 2~
